In dorsal root ganglion (DRG) neurons, ATP is an important neurotransmitter in nociceptive signaling through P2 receptors (P2Rs) such as P2X2/3R, and adenosine is also involved in anti-nociceptive signaling through adenosine A1R. Thus, the clearance system for adenine nucleotide/nucleoside plays a critical role in regulation of nociceptive signaling, but there is little information on it, especially ectoenzyme expression profiles in DRG. In this study, we examined expression and localization of ectonucleotide pyrophosphatase/phosphodiesterases (ENPPs), by which ATP is metabolized to AMP, in rat DRG. The mRNA expression levels of ENPP2 were greater than those of ENPP1 and ENPP3 in rat DRGs. On immunohistochemical analysis, ENPP1, 2 and 3 were found in soma of DRG neurons. Immunopositive rate of ENPP3 was greater than that of ENPP1 and ENPP2 in all DRG neurons. ENPP3, as compared with ENPP1 and ENPP2, was expressed mainly by isolectin B4-positive cells, and slightly by neurofilament 200-positive ones. In this way, the expression profile of ENPP1, 2 and 3 was different in DRGs, and they were mainly expressed in small/medium-sized DRG neurons. Moreover, ENPP1-, 2-and 3-immunoreactivities were colocalized with P2X2R, P2X3R and prostatic acid phosphatase (PAP), as an ectoenzyme for metabolism from AMP to adenosine. Additionally, PAP-immunoreactivity was colocalized with equilibrative nucleoside transporter (ENT) 1, as an adenosine uptake system. These results suggest that the clearance system consisted of ENPPs, PAP and ENT1 plays an important role in regulation of nociceptive signaling in sensory neurons.
Introduction
ATP plays an important role in cell to cell communication in the peripheral nervous system. In dorsal root ganglion (DRG), ATP is released from DRG neurons through stimuli such as noradrenaline, 1 and is involved in nociceptive signaling by acting through P2 receptors such as P2X2/3R. 2, 3 ATP released from DRG neurons is metabolized by ectonucleotidases, which produce nucleotides/nucleosides such as ADP, AMP, adenosine, etc., and extracellular adenosine is taken up by a clearance system such as equilibrative nucleoside transporter (ENT), 1 which contributes to maintenance of their concentrations in physiological ranges. 4 Ectonucleotidases play an important role in control of nociceptive signaling via nucleotides/nucleosides. 5 Additionally, Zylka et al. 6 and Sowa et al. 7 reported that prostatic acid phosphatase (PAP) and ecto-5'-nucleotidase (NT5E, CD73), which were expressed by DRG neurons, dephosphorylate AMP to adenosine, and adenosine is involved in anti-nociceptive signaling via activation of its A1 receptor (A1R) expressed by DRG neurons. 8 These findings indicate that ectonucleotidases play a critical role in regulation of nociceptive signaling in DRG. As for ATP-metabolizing ectonucleotidases, nucleoside triphosphate diphosphohydrolase (NTPDase) 1, 2, 3 and 8, and ecto-nucleotide pyrophosphatase/ phosphodiesterase (ENPP) 1, 2 and 3 have been identified in mammals.
5 NTPDase1, 2, 3 and 8 are expressed in a variety of tissues (e.g., epidermal dendritic cells, blood vessels, neurons and liver, respectively). [9] [10] [11] [12] Vongtau et al. reported that among NTPDase1, 2, 3 and 8, NTPDase 3 was localized in soma of mouse DRG neurons. 13 However, NTPDase3 knockout mice did not show nociceptive behavior compared with wild-type mice, 14 suggesting that other ectonucleotidases such as ENPPs might contribute to ATP-metabolism on DRG neurons. ENPP1, 2 and 3 dephosphorylate ATP to AMP and pyrophosphate, and are expressed on epithelial surfaces such as lung epithelia, liver epithelia, kidney epithelia and intestinal epithelia, [15] [16] [17] [18] but the distributions of ENPP1, 2 and 3 in DRG neurons are unknown.
In this study, to reveal the distributions of ectonucleotidases and transport system for regulation of extracellular levels of ATP and its metabolites in sensory neurons, we examined the expression profiles of ENPP1, 2 and 3, NTPDases, PAP and ENT1 in rat DRG neurons. 
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Total RNA extraction and real-time PCR
Rats were perfused transcardially with saline under deep anesthesia (pentobarbital sodium, 25 mg/kg, i.p.). Rat DRG tissues were isolated from lumbar 4-6, and then were treated with an RNAlater ® solution (Sigma-Aldrich) at -20°C. Total RNA was extracted and reverse transcribed with a Gene Elute™ Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and a PrimeScript™ RT reagent kit (TaKaRa, Shiga, Japan) according to the manufacturer's instruction manuals, respectively. Realtime PCR was performed with an ABI PRISM 7500 Real Time PCR System (Applied Biosystems) using SYBR Premix Ex Taq (TaKaRa). The primer sets are shown in Table 1 . All reactions were confirmed not to be non-specific amplification by each dissociation curve. A negative control (H 2 O) without the template was included in all reactions.
Antigen specificity of antibodies for immunohistochemistry
The antigen specificity of antibodies for ENPP1, 2 and 3, and ENT1 was evaluated by means of an antibody adsorption test (Supplementary Figure 1) . 19 Primary antibodies were adsorbed with recombinant antigens for 1 h at room temperature at the ratio of 1:3 for ENPP1, 2 and 3, antibody : antigen (Supplementary Table 1) , and then cryosections were treated with the adsorbed antibodies instead of primary antibodies, followed by incubation with the secondary antibodies. As for NTPDase2, we confirmed that the antibody used for the detection of it has specific immunoreactivity to rat DRGs by using Western blot analysis (Supplementary Method), and main protein band of NTPDase2 was detected in the rat DRG within the range of 50-75 kDa (Supplementary Figure 2) .
Immunohistochemistry
Sprague-Dawley rats were perfused transcardially with 4% paraformaldehyde in Sorensen's phosphate-buffered saline (Sorensen's PBS; 19 mM NaH 2 PO 4 , 81 mM Na 2 HPO 4 , pH 7.4) containing 0.2% picric acid under deep anesthesia (pentobarbital sodium; Kyoritsu Seiyaku Co., Tokyo, Japan; 25 mg/kg, i.p.). The isolated DRGs (L4-6) were sliced at 40 μm thickness with a cryostat (CM1850; Leica, Wetzlar, Germany). Free-floating sections were washed with phosphate-buffered saline (PBS; 133 mM NaCl, 8.6 mM K 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.6), and treated with blocking buffer (PBS containing 1% donkey or goat serum, 0.3% Triton X-100, 0.3% BSA and 0.05% sodium azide), and then immunoreacted with the primary antibodies (Table 2) in blocking buffer for 3 days at 4°C, followed by incubation for a day at 4°C with the secondary antibodies ( Table 2 ) and 1 μg/mL Hoechst 33258 in the same buffer as that used for the primary antibodies. The blocking buffer used for immunohistochemistry of ENPP3, P2X2R, P2X3R and ENT1 was Can Get Signal ® immunostain solution B (TOYOBO, Osaka, Japan). The free-floating sections were mounted on glass slides (Matsunami glass, Osaka, Japan) and dried out, and then enclosed using a Prolong Antifade Kit (Life Technologies, Tokyo, Japan). Photomicrographs were obtained under a confocal laser microscope (LSM510 META; Carl Zeiss, Oberkochen, Germany). For all immunostaining, a negative control was prepared by omitting the primary antibodies, and the reproducibility was confirmed using sections from 3 or 4 rats per immunostaining.
Image analysis
For quantitative analysis of ENPP1-, 2-and 3-immunoreactivity, image quantification and processing were performed with Image J software (ver. 1.48v; National Institutes of Health, Bethesda, MD, USA). The background signal for individual antibodies was determined from the corresponding negative control. The region of interest (ROI) feature of the Image J software was used to measure the cell area and fluorescence intensity. Area measurements were made by drawing the outlines of cell bodies. their staining intensities were three times the standard deviation above the background excluding the nucleus. Furthermore, percentage of each marker-positive neuron number as to ENPP1-, 2-and 3-, PAP-and ENT1-positive neuron number was calculated.
Statistical analysis
All values are shown as means ± SD. Comparisons between two or three groups were performed by means of paired t-test or one-way analysis of variance followed by Tukey-Kramer test, differences with a Pvalue of 0.05 or less being considered statistically significant.
Results mRNA expression levels of NTPDases and ENPPs in rat DRG
On quantitative real-time PCR analyses, the mRNA expression levels of NTPDase2 and ENPP2 were apparently greater than those of NTPDase1, 3 and 8, and ENPP1 and 3, respectively, in rat DRGs (Figure 1 ). These results indicated that rat DRGs exhibited relatively high expression levels of NTPDase2 and ENPP2 mRNAs.
Localization of NTPDase2, and ENPP1, 2 and 3 in rat DRGs
On immunohistochemistry, NTPDase2-immunoreactivity was primarily detected in the regions surrounding sensory neuronal soma, and was detected mainly in GFAPpositive satellite cells (Figure 2 ), indicating that NTPDase2 was localized mainly in satellite cells of rat DRGs, and there was no or negligible expression of it in DRG neurons.
As shown in Figure 3 , the soma of the DRGs showed ENPP1-, 2-and 3-immunoreactivity, and on quantification, the immunopositive rate of ENPP3 in all DRG neurons (54.8±18.4%) was significantly greater than that of ENPP1 and ENPP2, 25.4±11.3% and 26.6±11.4%, respectively (vs % of ENPP3, P<0.05, Tukey-Kramer test). Moreover, correlation of their fluorescent intensity with the cell body size of DRG neurons (Figure 3 D-F and over 1750 μm 2 were defined as small-, medium-, and large-sized DRG neurons, respectively, and detailed expression profiles of ENPP1, 2 and 3 were examined. As shown in Figure 3 G-I, the expression levels of ENPP1, 2 and 3 were greater in the order of small->medium->large-sized neurons. Regarding neuronal cell types expressing ENPP1, 2 and 3, their immunoreactivities were found in IB4-positive nonpeptidergic and CGRP-positive peptidergic neurons, as small-sized neuronal markers (panels A and B of Figures 4-6) . 21, 22 To show their distribution more clearly, the immunopositive rates of IB4 and CGRP were calculated. In fact, of the ENPP1-, 2-and 3-positive neurons, 41.9±6.6%, 41.5±13.2% and 60.8±6.2%, respectively, were IB4-positive ones, whereas 29.7± 6.5%, 23.9±8.9% and 27.4±10.1%, respectively, were CGRP-positive ones (Table 3 ). ENPP1-, 2-and 3-immunoreactivities were detected in NF200-positive neurons, as medium-and large-sized neuronal markers (panel C of Figures 4-6) , 22, 23 and their immunopositive rates of NF200 were calculated to be 33.8±7.2, 13.1±8.0 and 4.6±5.2%, respectively (Table 3) . To reveal coexpression of P2X2R and P2X3R, which are expressed by medium-and small/medium-sized neurons, respectively, [24] [25] [26] and adenosine-generating enzymes such as PAP with ENPP1, 2 and 3, immunofluorescence double staining was carried out. As shown in panels D-F of Figures 4-6 , ENPP1-, 2-and 3-immunoreactivities were detected in P2X2R-, P2X3R-and PAP-positive cells. Of the ENPP1-, 2-and 3-positive ones, 87.1±7.6%, 82.9±9.1% and 77.8±10.5%, respectively, were P2X2R-positive ones, and 83.9±11.5%, 93.1±11.4% and 82.6±10.0%, respectively, were P2X3R-positive ones ( Table 3) . As for PAP-immunoreactivity in ENPP1-, 2-and 3-positive ones, 60.9±14.8%, 49.8±12.9% and 54.6±6.4%, respectively, were PAPpositive ones (Table 3 ). In addition, we performed immunostaining for NT5E, as an adenosine-generating enzyme, but its immunoreactivity was hardly detectable in rat DRGs (data not shown). Based on these results, we judged that ENPP1, 2 and 3 were mainly expressed in small/medium-sized DRG neurons, which coexpressed P2X2R, P2X3R and PAP.
Colocalization of ENT1 and PAP in rat DRGs
In DRGs, adenosine generated by ectoenzymes through PAP activates adenosine A1R, inducing anti-nociceptive signaling, and then it has to be cleared by transporters such as ENT1. 4, 27 As shown in Figure 7 , the PAP-positive DRG neurons exhibited immunoreactivity for ENT1. On quantification, 93.5±2.9% of the PAP-positive DRG neurons were ENT1-positive, whereas 44.3±13.2% of ENT1-positive ones were PAP-positive (vs % of the PAPpositive ones, P<0.01, paired t-test), they being colocalized in DRG neurons.
Discussion
The purpose of this study is to reveal the expression and localization of ENPPs in rat DRG. ENPP1, 2 and 3 were detected in small-and medium-sized DRG neurons, and were coexpressed in P2X2R, P2X3R
and PAP-positive ones. Additionally, ENT1 was colocalized in PAP-positive DRG neurons. These results suggested that ENPP1, 2 and 3 play an important role in metabolism of extracellular ATP by cooperating with PAP and ENT1, contributing to extracellular adenosine clearance in small-and medium-sized DRG neurons. ATP acts as a neurotransmitter via homomeric P2X3R and heteromeric P2X2/3R in small-sized C-and medium-sized Aδ-fibers, respectively, [24] [25] [26] and release of ATP from DRG neurons was increased in neuropathic pain after sciatic nerve injury in rats, 28 suggesting that ectoenzymes are important for regulation of the extracellular ATP level involved in nociceptive signaling. In this study, ENPP1, 2 and 3 were found to be localized in smalland medium-sized DRG neurons, in which P2X2R and P2X3R were coexpressed. Stefan et al., in two studies of 1999 and 2006, reported that ENPP1, 2 and 3 could hydrolyze ATP to AMP. 15, 18 As clearance systems following this hydrolysis, PAP, which can hydrolyze AMP to adenosine, 6 and ENT1, which can take up adenosine, 29 were found to be coexpressed by DRG neurons. In contrast, NTPDase2 was also detected in DRG, but was expressed by satellite cells surrounding the soma of DRG neurons, as found by Braun et al. 30 Although NTPDase2 hydrolyzes ATP to ADP, [31] [32] [33] and then the generated ADP needs to be metabolized to AMP and/or adenosine sequentially, to our limited knowledge, there is no information on the metabolic system for ADP so far. Collectively, we suggest that the main clearance system for ATP is ENPPs-PAP-ENT1 in DRG neurons, especially small-sized ones, implying that this clearance system plays an important role in regulation of adenine nucleotide/nucleoside signaling. This is strongly supported by the findings that PAP-knockout mice showed increased nociceptive sensitivity in mouse inflammation and neuropathic pain models, and intrathecal administration of recombinant PAP to neuropathic pain models caused anti-nociception through activation of adenosine A1R via adenosine generation. 6, 27 Therefore, harmonized regulation of ATP-P2X2/3R signaling by the ENPPs-PAP-ENT1 cascade is considered to be critical for anti-nociceptive signaling.
The ENPP2-positive rate in all DRG neurons was almost the same as that in the case of ENPP1. Additionally, the mRNA expression level of ENPP2 was greater than those of ENPP1 and 3. ENPP2 is also known as autotaxin and is a secreted glycoprotein and can hydrolyze lysophosphatidylcholine to lysophosphatidic acid (LPA). 34 Inoue et al. reported that LPA signaling via an LPA receptor (LPA1) is important for the initiation of neuropathic pain. 35 Thus, there is the possibility that ENPP2 expression in DRG might contribute to initiation of nociceptive signaling via metabolism of lysophosphatidylcholine.
In this study, we suggest that ENPP1, 2 and 3 are involved in metabolism of extracellular ATP by small-and medium-sized DRG neurons, and the clearance system for adenine nucleotide/nucleoside consisted of ENPPs, PAP and ENT1 might be important for harmonized regulation of ATP-mediated nociceptive signaling and adenosine-mediated anti-nociceptive signaling in DRG.
